INTRODUCTION
Macrophages and neutrophils eliminate invading micro-organisms and other foreign particles by first ingesting them into a plasma membrane-derived intracellular vacuole, or phagosome. The ingestion, or phagocytosis, is a receptor-mediated, actindependent process. The resulting intracellular vacuoles, termed phagosomes, then undergo a series of fission and fusion events that modify the composition of their limiting membrane and of their contents, by a sequence that resembles the progression of the endocytic pathway. This process is referred to as phagosome maturation, and bestows the vacuole with a host of degradative properties, which are central to its microbicidal function [1, 2] . The biological importance of particle engulfment and phagosome maturation is not restricted to the function of mammalian professional phagocytes. These processes developed early in evolution -they are patent in Dictyostelium, nematodes and insect haemocytes -and function not only in host defence, but also in nutrition, tissue remodelling and removal of apoptotic bodies [3] [4] [5] [6] [7] [8] . Paradoxically, phagocytosis can also have deleterious effects for the host : certain pathogens, exemplified by Mycobacteria, take advantage of the phagocytic machinery to gain access to the cell interior where, by subverting the maturation process, they become intracellular pathogens [9] [10] [11] . Because of the diversity and complexity of phagocytosis and phagosome maturation, the scope of this review will be limited to phagosome maturation in ' professional phagocytes ' of the mammalian immune system, i.e. granulocytes and monocyte\macrophages. For further information on phagocytosis and\or phagosome maturation in other model systems, the reader is directed to the following reviews [4] [5] [6] 8] .
PHAGOCYTOSIS : A PRIMER
A large number of mammalian cell types are capable of phagocytosis, but their phagocytic efficiency varies greatly. To reflect this varying ability, Rabinovitch [12] coined the terms ' non-professional phagocytes ', ' paraprofessional phagocytes ' and ' professional phagocytes ', referring to cells with low, average and high phagocytic competence respectively. Professional phagocytes encompass mainly neutrophils and cells of the monocytic\macrophage lineage, sentinels of the immune system that hunt and destroy senescent, apoptotic or otherwise defective host cells, pollutant particles and, perhaps most importantly, foreign, potentially pathogenic organisms [12, 13] . The unique ability of phagocytic leucocytes to efficiently internalize a variety of targets is attributable to the expression of an array of specialized phagocytic receptors. Supporting this notion, it has been shown that the phagocytic capacity of non-professional phagocytes, such as Chinese hamster ovary or COS cells, is greatly increased by the heterologous expression of specialized phagocytic receptors [e.g. Fcγ receptors (FcγRs)] that are normally found in neutrophils or macrophages [14] [15] [16] . We will refer to these heterologous transfectants hereafter as ' engineered phagocytes '.
Phagocytosis is initiated by the interaction of surface receptors with their cognate ligand. Ligands can be endogenous components of the particle, exemplified by lipopolysaccharides of bacteria and phosphatidylserine in apoptotic cells [13, 17] . Internalization triggered by endogenous ligands of the particle is known as non-opsonic. The immune system is equipped with a variety of receptors that recognize non-opsonic ligands, including CD14 that binds to lipopolysaccharides, as well as receptors that recognize specifically phosphatidylserine, mannose or fucose residues [18] . Alternatively, phagocytic ligands can be classified as opsonins, which are host-derived proteins that coat the surface of a particle. The best characterized opsonins are the complement fragment C3bi and IgG antibodies. The former binds relatively non-specifically to the surface of foreign particles, whereas IgG molecules attach to the phagocytic target by recognizing specific surface epitopes [13] . C3bi-opsonized particles are recognized by complement receptor 3 (CR3 ; also known as CD11b\CD18 or Mac-1), a member of the integrin superfamily, while IgGopsonized particles engage FcγRs. These receptors are reviewed in detail elsewhere [19] [20] [21] [22] .
Receptor engagement leads to internalization of the particle into a phagosome by a complex sequence of events that require kinase activation, alterations in phospholipid metabolism, remodelling of the actin cytoskeleton and acceleration of membrane traffic (see [3, 6, 13, 23] for reviews). While in all instances phagocytosis is manifested as the enclosure of a particle within an endomembrane vacuole, it is important to consider that phagosomes formed by the various receptor-ligand pairs may have divergent fates. Supporting this view, FcγR-derived, but not CR3-derived, phagosomes containing Salmonella fuse with secretory granules in neutrophils [24, 25] . Similarly, only IgGopsonized Mycobacteria, but not those entering the cells via complement receptors, can fuse with lysosomes. Thus not all phagosomes are created equal.
THE ENDOCYTIC PATHWAY : A PARADIGM FOR PHAGOSOME MATURATION
Immediately after formation, the limiting membrane of the phagosome resembles the plasma membrane and its fluid contents are a sample of the extracellular medium. As such, the phagosome does not evince bactericidal ability. However, shortly after sealing, the vacuole undergoes a complete overhaul, resulting in
Figure 1 Endosome progression and phagosome maturation
Diagram illustrating the parallels between endosome progression to lysosome and phagosome maturation to phagolysosome. The fusion of phagosomes with compartments of the endosomal pathway is indicated by the connecting arrows. A possible interaction with the endoplasmic reticulum is also noted. Trapping of calcium during phagocytosis and the possibility of regulated organellar calcium release into the cytosol are illustrated. Note that endosomes, lysosomes and phagosomes at various stages of maturation are thought to bind to microtubules and can serve to nucleate actin. Actin is also abundant at the phagocytic cup. CCV, clathrin-coated vesicle ; EV, endocytic vesicle ; SE, sorting endosome ; LE, late endosome ; LY, lysosome ; ER, endoplasmic reticulum. See the text for details.
massive changes in its composition due to a progressive maturation process that ultimately yields a hybrid organelle, the phagolysosome [26] . Phagolysosomes possess a number of complementary degradative properties, including a very low pH, hydrolytic enzymes for particle digestion, defensins and other bactericidal peptides, and the ability to generate toxic oxidative compounds [1, 27, 28] .
The maturation process that endows the phagosome with lytic activity depends critically on the interaction of the nascent vacuole with the endocytic pathway. The endocytic pathway is organized as a continuum of organelles ranging from early endosomes to lysosomes (Figure 1 ). During endocytosis, solutes, membrane-bound ligands and transmembrane proteins are trapped in small vesicles derived from the plasma membrane, primarily by clathrin-and caveolae-dependent mechanisms. Following formation, endocytic vesicles are targeted to sorting endosomes (often referred to as early endosomes ; in this review, early endosomes designate the combined population of sorting and recycling endosomes). Sorting endosomes are molecularly equipped to differentiate, organize and re-route the assortment of internalized molecules. These organelles are often tubulovesicular, and can be typically recognized by the presence of Rab5 or early endosome antigen 1 (EEA1), or experimentally by applying Phagosome maturation short pulses of ligands or fluid-phase markers. The lumen of sorting endosomes is relatively poor in proteases and is mildly acidic, with a pH of " 6.0 (Table 1) . From sorting endosomes, cargo can be directed towards recycling endosomes, which are morphologically and biochemically distinct from sorting endosomes -they are often in a juxtanuclear location, near the microtubule-organizing centre, are less acidic (pH " 6.5) than the sorting endosome, and can be identified by the presence of Rab11 [29] [30] [31] [32] [33] [34] [35] . Alternatively, molecules destined for degradation progress from sorting to late endosomes ( Figure 1 ). Late endosomes are more acidic than sorting endosomes, reaching a pH of 5.5, and are comparatively enriched in hydrolytic enzymes. They can be identified by their multivesicular nature, i.e. they contain small intraluminal vesicles, and by the presence of Rab7, Rab9, lysobisphosphatidic acid, mannose-6-phosphate receptor and lysosomal-associated membrane proteins (LAMPs) [31, 36] (see Table 1 ). However, there is discord as to how sorting to late endosome traffic occurs, with two predominant views : the vesicle shuttle model and the maturation model. According to the vesicle shuttle model, sorting endosomes are stable organelles from which transport intermediates, or multivesicular bodies (MVBs), are derived and subsequently targeted to late endosomes. The maturation model proposes instead that sorting endosomes are transient organelles that mature into MVBs via a series of poorly characterized fusion\fission events, ultimately generating late endosomes [37] [38] [39] [40] .
Regardless of the precise mechanism leading to the creation of late endosomes, it is agreed that lysosomes are the final step in the endocytic sequence. These organelles contain the bulk of active proteases and lipases, and are extremely acidic (pH 5.5). Lysosomes characteristically contain LAMPs and hydrolytic enzymes such as cathepsin D, but, while these proteins were thought to be unique to lysosomes, it is now apparent that they are also found in late endosomes. Therefore the best method for lysosome identification is perhaps their empirical labelling by an extended pulse followed by a long chase of fluid-phase markers, such as fluorochrome-conjugated dextrans or horseradish peroxidase (Table 1 ). It is noteworthy that specialized organelles resembling, but not identical to, lysosomes exist in neutrophils. These organelles, called azurophilic or primary granules, are acidic and are rich in hydrolases and cationic peptides, yet are not accessible by fluid-phase markers. Unlike the lysosomes of non-phagocytic cells, primary granules are readily secreted upon activation of surface receptors, including phagocytic receptors [28] .
Interactions between phagosomes and endosomes commence soon after phagosome sealing, in a fashion that recapitulates the endocytic sequence : nascent phagosomes seemingly fuse initially with sorting endosomes, followed by late endosomes and ultimately lysosomes [41, 42] . The progressive transfer of endo\ lysosomal membrane and luminal constituents to phagosomes occurs during these fusion events (Figure 2 ). However, it is becoming clear that phagosomes are not merely a passive station for the delivery of endo\lysosomal constituents. Rather, the phagosome must express signals and beacons that trigger and guide the fusion of elements of the endocytic pathway.
There are several lines of evidence that early phagosomes interact preferentially with and effectively behave as early endosomes\endocytic vesicles. In itro and in i o assays clearly demonstrated that fluid-phase markers present in early endosomes -but not in lysosomes -are readily transferred to earlybut not late -phagosomes, indicating that early endosomes and phagosomes coalesce [42] [43] [44] . This behaviour resembles the reported ability of early endosomes to fuse homotypically in itro [45] . Secondly, early phagosomes ( 30 min after formation) contain not only components characteristic of the plasma membrane, but also early-endosomal markers such as transferrin receptors (TfRs), EEA1 and Rab5, but are devoid of lateendosomal\lysosomal markers [26, 46, 47] (Figure 2 , Table 1 ). Thirdly, integral and peripheral proteins such as TfR and EEA1 are eliminated from phagosomes during maturation, in a process akin to the transition from sorting to late endosomes [26, 46, 48] . In fact, some phagosomal proteins were shown to traffic retrogradely to the plasma membrane, suggesting that recycling from phagosomes occurs, perhaps using the same mechanisms that are employed in endosomal recycling [49, 50] (see below). Together, these results suggest that phagosomes typically proceed through an early-endosome-like stage during phagolysosome biogenesis.
Phagosomes rapidly lose the characteristics of early endosomes, while attaining those of late endosomes. Although the kinetics of maturation seem to differ greatly depending on the particle and cells employed, phagosomes begin to fuse with late endosomes while becoming refractory to early endosomes about 10-30 min after formation [51] [52] [53] . As a result, as phagosomes age, they become enriched in late-endosomal components, best exemplified by Rab7, the mannose-6-phosphate receptor and lysobisphosphatidic acid [26, 53, 54] . While late endosomes characteristically appear as MVBs, it is not known whether phagosomes contain luminal vesicles. These could result from delivery of the contents of late endosomes or by invagination and scission of the phagosomal limiting membrane. The existence of late-endosome components on phagosomes is unquestionable, yet it is also transitory, suggesting that phagosomes are ultimately transformed from a late-endosome-like organelle into phagolysosomes, identified by the presence of hydrolytic proteases, such as processed cathepsin D, and by the acquisition of an extremely acidic pH, reported to be as low as 4.5 [44, 48, 54, 55] . The active role of phagosomes in directing their own maturation is supported by further in itro experiments showing that phagosomes isolated 1 h after formation fuse preferentially with lysosomes, but not with earlier endocytic organelles [42, 44] .
Together, these observations support the notion that phagosome maturation follows a hierarchy like that of the endocytic pathway, where nascent phagosomes preferentially fuse with and acquire the characteristics of early endosomes, late endosomes and lysosomes in an ordered sequential manner.
Figure 2 Changing composition of phagosomes during maturation
Diagram illustrating some of the known molecular events that dictate maturation and the approximate time course of the process. In the scheme, maturation proceeds clockwise from the top. At the outset (0 min) the nascent phagosome acquires Rab5, possibly from the plasmalemma or cytosol. Rab5 recruits p150/VPS34 to generate PI(3)P ($ 2-5 min) and attracts EEA1, which in turn facilitates tethering and fusion of early (sorting) endosomes. Subsequently, Rab7 is recruited ($ 5-10 min) either from the cytosol and/or along with late endosomes. Rab7 is instrumental in promoting fusion with lysosomes ($ 30-60 min). See the text for details.
An interesting paradigm suggested by Desjardins and colleagues [56] envisions that phagosomes and endosomes\lyso-somes do not amalgamate into a single organelle during phagosome maturation. Rather, these investigators suggested a ' kissand-run ' model for phagosome maturation [41, 56] . According to this paradigm, phagosomes undergo only a transient and partial fusion with endocytic organelles (the ' kiss '), which allows the transfer of selected membrane and luminal contents between the phagosome and the endosome. This is promptly followed by a fission event (the ' run '), preventing the complete intermixing of the two compartments. Bolstering this model, not only were phagosomes observed to undergo transient contacts with endocytic organelles by video microscopy [41] , but, of greater significance, the transfer of soluble contents and of membrane components between endosomes and phagosomes displayed distinctly different kinetics [42, 57] . Moreover, smaller solutes were transferred more rapidly to phagosomes than those of greater molecular mass [42, 57] . These experimental observations are not easily reconciled with a model where endosomes\lysosomes fuse completely with the phagosome, yet are consistent with momentary connection between the compartments through an opening of limited size. Independently of whether there is complete or transient fusion between phagosomes and endocytic organelles, these findings ultimately suggest that the molecular machinery driving and regulating membrane fusion and fission along the endocytic pathway is likely to be a major contributor to phagosome maturation. The nature and function of some of these molecular complexes are described below.
INVOLVEMENT OF SNAREs AND Rabs IN PHAGOLYSOSOMAL BIOGENESIS
Vesicle-and target-SNAREs (where SNARE is defined as soluble N-ethylmaleimide-sensitive factor-attachment protein receptor), a family of membrane-tethered coiled-coil proteins, N-ethylmaleimide-sensitive factor (NSF) and NSF-attachment proteins (SNAPs) have been identified as critical determinants of vesicular transport in a variety of systems (see [58, 59 ] for reviews). Biochemical studies have shown that SNAREs on vesicles can selectively recognize and interact with cognate SNAREs on the target membrane, and that together they form an extremely stable complex that promotes the fusion of the interacting membranes by bringing them into close apposition. The hallmark of SNAREs is that they contain conserved heptad repeat sequences in their membrane-proximal regions that form coiledcoil structures. Based on the identity of a highly conserved residue, SNAREs have been classified into Q (glutaminecontaining)-SNAREs (also known as t-SNAREs) and R (arginine-containing)-SNARES (or v-SNAREs) [60] . The fusioncompetent SNARE complex consists of a four-helix bundle, where three of the helices are contributed by Q-SNAREs and one by an R-SNARE. In some instances two of the helices are provided by a single Q-SNARE, as in SNAP-25, but in others the individual helices belong to two separate proteins. This tetrahelical SNARE complex, also called a SNAREpin, is very stable, and ATP is needed to dissociate it for subsequent rounds of fusion. Disassembly is carried out by the ATPase NSF, linked through an adaptor protein α-SNAP [58, 59, [61] [62] [63] . To date, 30 SNARE family members have been identified in mammalian cells.
As expected, SNAREs, NSF and SNAPs have been identified as essential components of endosomal progression [64] [65] [66] [67] [68] [69] [70] [71] , and recent evidence has also implicated these proteins in phagosome maturation. Components of the fusogenic machinery have been identified on phagosomes, including target Q-SNAREs (syntaxins 2, 3, 4, 8 and 13), vesicle R-SNAREs [vesicle-associated membrane protein (VAMP)-2 and VAMP-3], as well as NSF [42, 53, [72] [73] [74] . This descriptive evidence has been complemented by some functional studies : in itro fusion of early endosomes with phagosomes was found to require cytosol, ATP and NSF, and was inhibited by N-ethylmaleimide and antibodies against NSF, suggesting a functional role for SNAREs in the process [43, 75] . Similarly, in permeabilized J774-E macrophages, phagosome-lysosome fusion was also reported to be sensitive to Nethylmaleimide and to antibodies against NSF, suggesting that the NSF-SNAP-SNARE complex is also involved in phagosome-lysosome fusion [75] .
Because there is some degree of promiscuity among SNAREs [76] , docking\fusion specificity cannot be determined solely by the organellar distribution of these proteins [58] . For this reason, much effort has been devoted to identifying other determinants of selectivity in the interaction of membranes. In this context, small GTPases of the Rab family have become the focus of intense study. Rabs are considered as potential directors of membrane traffic, in part because of their restricted organellar distribution and because they can promote the selective tethering of vesicles with target organelles [77] .
Several Rab GTPases localize to the endocytic pathway ( Figure  2 ). Rab5 associates predominantly with the sorting endosome, Rab4 and Rab11 locate preferentially to recycling endosomes, while Rab7 is localized to late endosomes\MVBs and to lysosomes [36, 78] . Rab5 is by far the best characterized of the endosomal Rab proteins. It has been shown to regulate a bewildering collection of functions, including the formation of clathrin-coated vesicles [79] , the tethering and fusion of coated vesicles with sorting endosomes, homotypic fusion between sorting endosomes [80, 81] and the motility of sorting endosomes along microtubules [82] . The functional involvement of Rab5 in endocytosis has been studied by overexpression of Rab5 mutants. Dominant-negative Rab5 mutants, with a preferential affinity for GDP, inhibit solute internalization and recycling, and block endosome fusion. On the other hand, overexpression of a constitutively activated Rab5 mutant that is deficient in GTP hydrolysis stimulated endocytosis and endosome fusion, leading to the appearance of giant endosomes [83] [84] [85] [86] [87] .
Recruitment and\or activation of Rab5 on endosomal membranes was suggested to be modulated by Ras, perhaps through mediation of the nucleotide exchange factor RIN1 [88, 89] . Rab5ip, a membrane-associated Rab5-interacting protein, may function as an anchorage site for Rab5 recruitment to endocytic vesicles and may also participate in its activation [90] . When in the active, GTP-bound state, Rab5 can interact with several effectors, such as Rabenosyn-5, Rabaptin-5 and Rabex-5. Rabex-5, which exists in association with Rabaptin-5, is another Rab5-specific guanine nucleotide exchange factor. This complex may contribute to the recruitment\retention of active Rab5 on endosomes and may cluster it in defined regions of the membrane [91, 92] . Rab5-GTP also recruits EEA1 (Figure 2 ), a 170 kDa autoantigen associated with lupus erythematosus that associates specifically with the cytoplasmic face of the early-endosomal membranes [93] . The finding that EEA1 contains two spatially separate Rab5-binding sites, and is required prior to endosomal SNARE function, led to the suggestion that it may act by tethering two membranes containing Rab5 [94, 95] . EEA1 also contains a cysteine-rich domain, termed the FYVE finger, which binds to phosphatidylinositol 3-phosphate [PI(3)P] with high affinity and specificity [96, 97] . It has been shown that the FYVE domain is required for the endosomal targeting of EEA1 [98] . Upon recruitment, EEA1 assembles into a macromolecular complex with Rabaptin-5, Rabex-5 and NSF. This complex seemingly interacts transiently with syntaxin 13, an endosomal target SNARE, which might lead to membrane fusion [70] . Therefore EEA1 is likely to be a crucial downstream effector of Rab5, providing a functional link between Rabs and SNAREs.
The equilibrium between the active, membrane-bound Rab5-GTP and Rab5-GDP, which is mainly cytosolic, may be regulated in part by GTPase-activating proteins (GAPs), such as p120RasGAP, the tumour suppressor tuberin and RN-tre [99] [100] [101] . In favour of this notion, when GAP activity was diminished, Rab5 remained GTP-bound and resulted in enhancement of endosome fusion and endocytosis [102] .
While the early steps of endocytosis have been studied extensively, comparatively little is known about the Rab proteins involved in later steps of the endocytic pathway leading to lysosomes. As stated above, Rab7 is localized to late endosomes. Data obtained with dominant-negative and constitutive active Rab7 mutants have indicated that this GTPase is important in the regulation of late-endocytic traffic [103, 104] . In particular, it has been suggested that Rab7 could regulate the transition from early to late endosomes [78, [103] [104] [105] [106] . On the other hand, recent results using green fluorescent protein (GFP) fusion proteins suggested that Rab7 associates mainly with lysosomes, and controls their aggregation and fusion with late endocytic structures [78] . The only Rab7-GTP downstream effector known to date is RILP (Rab-interacting lysosomal protein). RILP interacts specifically with Rab7-GTP and appears to target Rab7-containing organelles to microtubules via the dynein\dynactin system of motor proteins [107] . Despite these recent advances, the exact role of Rab7 and its mechanism of action in lateendocytic traffic are still incompletely understood. The isolation and characterization of Rab7-interacting proteins, possibly involved in docking and fusion of late endocytic structures, will be fundamental to understanding the molecular mechanisms of action of this GTPase.
Several Rab proteins have been found on phagosomal membranes, including Rab3, Rab4, Rab5, Rab7, Rab9, Rab10, Rab11 and Rab14 [41, 74] , yet little functional information is available at present. There is evidence to suggest that Rab5 plays a crucial role in phagosomal maturation. By analogy with endosomes, the earliest identified stages of phagosomal maturation are thought to be controlled by Rab5 [47, 83] . Using time-lapse microscopy, Roberts and collaborators [83] showed the occurrence of a transient (1-2 min) interaction of Rab5 (conjugated to GFP) with newly formed phagosomes in intact macrophages. In these studies, Rab5-GFP appeared to have been recruited from the cytosol, since no fusion with labelled donor vesicles was detected. Moreover, studies in cell-free systems demonstrated an essential role for Rab5 in the fusion of isolated sorting endosomes with purified nascent phagosomes [44, 75, 108] . In intact cells, overexpression of dominant-negative Rab5-GFP precluded the acquisition of EEA1 and LAMP-1, suggesting a crucial role for this small G-protein in phagosomal maturation (O.V. Vieira, unpublished work).
While current evidence points to an important role for Rab5, we do not yet know how this GTPase is recruited to or is activated in the nascent phagosomes, nor do we fully understand its effector functions. As mentioned above, EEA1 is a wellestablished effector of Rab5 ; its possible role in phagosome maturation is discussed in detail below, in connection with phosphoinositide metabolism. With regards to other Rab5-associated proteins, Fratti and collaborators [53] reported that Rabaptin-5 is absent from isolated phagosomes. Moreover, microinjection of Rabaptin-5-inhibitory antibodies did not affect the acquisition of late-endosomal markers, suggesting that this protein is not essential for phagosomal maturation [53] . Little is known regarding possible roles of Rabenosyn-5, Rab5ip or other Rab5-associated proteins in phagocytosis.
As is the case for endocytosis, much less is known about the later stages of phagosomal maturation. By analogy with the endocytic pathway, it is likely that Rab7 functions in the transition between early and late phagosomes and\or phagolysosomes (Figure 2 ). This has not been documented in mammalian cells, but overexpression of dominant-negative Rab7 in Dictyostelium interfered with phagosomal maturation [109] . In permeabilized J774-E macrophages, the fusion between phagosomes and lysosomes was substantially inhibited by the addition of Rab GDP dissociation inhibitor, which promotes the removal of Rab proteins from intracellular membranes. This suggests the involvement of at least one Rab GTPase, conceivably Rab7, in phagosome-lysosome fusion [75] . To our knowledge, no information exists linking other Rabs to phagosome maturation in mammalian cells.
PHOSPHOINOSITIDES AND THE ENDOCYTIC PATHWAY
Products of phosphatidylinositol 3-kinases (PI 3-kinases) are thought to play a role in the traffic of membranes along the endocytic pathway and, as discussed below, are also critical for phagosome maturation. PI 3-kinases are a family of enzymes that phosphorylate the D-3 hydroxy group of phosphoinositides. Based on their regulation and substrate preference, three classes of PI 3-kinases have been recognized. For the sake of brevity, however, only classes I and III will be discussed in this review, since no evidence exists at present implicating class II enzymes in either phagosome formation or maturation. Class I PI 3-kinases are heterodimeric enzymes composed of catalytic and adaptor or regulatory subunits. These enzymes mainly generate phosphatidylinositol 3,4-bisphosphate and phosphatidylinositol 3,4,5-trisphosphate (for reviews, see [110] [111] [112] [113] ). The class III PI 3-kinase, the mammalian homologue of yeast Vps34p, known also as VPS34, generates only PI(3)P. VPS34 is associated with p150, a Vps15-like serine\threonine kinase, which contains an N-terminal myristoylation signal and is thought to regulate the membrane association and activity of VPS34 [110] [111] [112] [113] [114] [115] .
There is convincing evidence that PI 3-kinases regulate endocytic traffic (Figure 2 ). In yeast, PI(3)P, generated by Vps34p, is involved in the sorting and delivery of proteins to the vacuole [116] . This role for PI 3-kinase and PI(3)P is not unique to yeast. In mammalian cells, inhibitors of PI 3-kinase such as wortmannin and LY294002 are potent inhibitors of several membrane steps in endocytic traffic (for review, see [112] ).
Some progress has been made in understanding the site of action of the phosphoinositides. In endosomes, Rab5 interacts directly with both class I and III PI 3-kinases in a GTPdependent manner [117] . The function of the class I (p85α\p110β) kinase in endocytic traffic is still obscure. On the other hand, the association of Rab5 with p150\VPS34 explains the selective localization of PI(3)P in early endosomes [117] . The restricted localization of PI(3)P on early endosomes also dictates the distribution of proteins with PI(3)P-binding domains. Two such domains have been well documented : the FYVE domain, such as that in EEA1 and Rabenosyn-5, and the Phox homology domain (PX domain), like that in the soluble subunits of the NADPH oxidase [97, [118] [119] [120] .
There is convincing evidence that multiple ligands of PI(3)P participate actively in endosome sorting. As intimated above, EEA1 is an effector of Rab5 that interacts not only with this GTPase but also with PI(3)P [121] . Binding to PI(3)P through its FYVE domain is crucial for the interaction of EEA1 with the docking\fusion machinery of the endosomal membrane [45, 96, 122, 123] . In addition, Rabenosyn-5 (the mammalian homologue of yeast Vac1p) is required for homo-and hetero-typic earlyendosome fusion, and binds Rab5-GTP, Rab4-GTP and PI(3)P [124] . Hrs, a mammalian homologue of Vps27p containing a FYVE domain, localizes in sorting endosomes and is required for normal endocytic traffic, at least in part by recruitment of clathrin, which in turn is involved in the sorting and retention of proteins destined for incorporation into the MVB [125] [126] [127] . A number of PX domain-containing proteins, such as the sorting nexins and the yeast SNARE Vam7p, have also been found on endomembrane vesicles. The ability to bind to PI(3)P via their PX domain is seemingly required for their function\location in the endocytic system (for review, see [119] ). Jointly, these findings buttress the notion that PI(3)P is an essential player in endosome traffic.
Because PI(3)P is not present in late compartments of the endocytic pathway, it is likely that the phosphoinositide is either degraded or modified further by kinases. PI(3)P appears to be degraded, at least in part, in the intraluminal compartment, since it was still detectable in internal vesicles of MVBs [128] . Gillooly and collaborators [128] proposed a model where inward budding of the limiting membrane of the sorting endosome re-moves the PI(3)P from the cytoplasmic face, while generating the MVB. The subsequent disappearance of PI(3)P is attributable, at least partly, to PIKfyve, a mammalian orthologue of the yeast PI(3)P 5-kinase Fab1p [129, 130] . It is noteworthy that both the yeast and mammalian kinases contain a FYVE domain. In yeast, Fab1p regulates vesicle formation and\or cargo selection in the endocytic pathway through the formation of the second messenger phosphatidylinositol 3,5-bisphosphate, and a similar function is likely in mammalian cells, where PIKfyve may contribute to the formation of MVBs or to the disappearance of PI(3)P therein [130] [131] [132] [133] . Thus, in addition to its function in earlyendosomal dynamics, PI(3)P might also function in the biogenesis of MVBs through the formation of phosphatidylinositol 3,5-bisphosphate.
CRITICAL ROLE OF PHOSPHOINOSITIDES IN PHAGOLYSOSOME BIOGENESIS
Before it was realized that PI(3)P is key to endosomal progression, it was known that inhibition of PI 3-kinases ablated the phagocytosis of large (but less efficiently of small) particles, suggesting that activation of PI 3-kinases is essential for pseudopod extension [134] [135] [136] . Moreover, internalization of IgGcoated particles was found to be accompanied by a rapid accumulation of phosphatidylinositol 3,4,5-trisphosphate that
Figure 3 Accumulation of PI(3)P in early phagosomes
RAW264.7 macrophages were transfected with a fluorescent chimaeric construct that binds selectively to PI(3)P. At time 0 min, the cells were exposed to IgG-opsonized red blood cells, used as phagocytic targets. Panels was restricted precisely to the phagosomal cup [137] . It is noteworthy, however, that these actions are attributable to the class I PI 3-kinases, and not to the class III enzyme that generates PI(3)P. This was verified by microinjection of inhibitory anti-VPS34 antibodies, which were without effect on particle internalization, while cells isolated from mice lacking both the α and β isoforms of the class I p85 subunit had defects in large particle uptake that resembled those exerted by wortmannin [52] .
By contrast, it is the class III PI 3-kinase that participates in phagosome maturation. The distribution of PI(3)P was monitored in living cells transiently transfected with two FYVE domains fused in tandem to GFP. This probe revealed a striking accumulation of PI(3)P in the phagosomal membrane (Figure 3) . A high level of PI(3)P was apparent on the phagosomal membrane $ 1 min after sealing and persisted for nearly 10 min. The striking accumulation of the fluorescent probe was associated with a net increase in the total cellular content of PI(3)P, evaluated by HPLC, suggesting de no o synthesis of the phosphoinositide. The accumulation of PI(3)P in the phagosome was eliminated by treatment with wortmannin, consistent with mediation by PI 3-kinases [52] . More detailed information was obtained using antibodies and kinase-deficient cells. PI(3)P failed to accumulate in phagosomes of cells injected with anti-VPS34 antibodies, yet was clearly present in p85-deficient cells. These observations imply that the class III PI 3-kinase, rather than Figure 4 Inhibition of VPS34 prevents phagosomal maturation RAW264.7 macrophages were exposed to opsonized red blood cells and the resulting phagosomes were allowed to undergo maturation for 60 min (A : differential interference contrast image). The cells were then fixed and permeabilized. One of the cells (indicated by the asterisk) had been injected with inhibitory anti-VPS34 antibodies (revealed in B by staining with labelled anti-IgG secondary antibody) prior to phagocytosis. The distribution of LAMP-1 was analysed by immunostaining (C). Note that LAMP-1 is incorporated into the membrane of phagosomes in uninjected cells (arrows), but not in the anti-VPS34-injected cell (arrowheads). See [52] for details.
class I enzymes, was involved. Hence, by synthesizing phosphatidylinositol 3,4,5-trisphosphate and PI(3)P respectively, class I and class III PI 3-kinases act consecutively in phagosome formation and maturation.
The functional role of PI(3)P in maturation was tested using inhibitors and also in anti-VPS34-injected cells. In macrophages treated with wortmannin, which internalize small ( 3 µm) particles at significant rates [136] , or injected with anti-VPS34 antibodies, phagosomal maturation is blocked (Figure 4) . The drug attenuated recruitment of EEA1 to phagosomes and blocked acquisition of LAMP-1 [52] . This inhibitory effect cannot be attributed to the absence of SNAREs, since Fratti et al. [53] found that the phagosomal association of syntaxins 8 and 13, which co-exist with Rab5, is unaffected by PI 3-kinase antagonists.
By analogy with the endocytic pathway, PI(3)P production may be important for the phagosomal recruitment of EEA1 and other FYVE and PX domain-bearing proteins. In accordance with this notion, microinjection of antibodies against EEA1 depressed the phagosomal acquisition of late-endocytic markers, such as lysobisphosphatidic acid [53] . Moreover, the transient expression of dominant-negative EEA1 in engineered phagocytes abrogated LAMP-1 acquisition (O. V. Vieira, unpublished work). Together, these results suggest an important role for the transient recruitment of EEA1 in phagolysosome biogenesis. The mechanism whereby EEA1 regulates maturation remains to be characterized, but tethering of phagosomes to early endosomes is a distinct possibility.
Other FYVE and PX domain-containing proteins are equally likely to partake in the maturation sequence. Hrs and some sorting nexins also associate with nascent phagosomes (O. V. Vieira and R. J. Botelho, unpublished work), but the precise function of these molecules remains to be elucidated. Some studies have implicated the products of PI 3-kinase in stimulation of neutrophil O − # production, possibly by promoting the recruitment of components of the oxidase to the phagosomal membrane. Both the p40 phox and p47 phox subunits of the NADPH oxidase have PX domains that bind to products of PI 3-kinase [138] .
The accumulation of PI(3)P on phagosomes is transient, suggesting that PI(3)P may be degraded or modified further by kinases. It has not been established yet, however, if PIKfyve associates with phagosomes or whether phosphatidylinositol 3,5-bisphosphate is synthesized and plays a role in maturation.
MEMBRANE VESICULATION FROM PHAGOSOMES
While fusion with (or ' kissing ') the various endo\lysosomal compartments is a dominant force in phagosome remodelling during maturation, it is apparent that fission (or ' running ') of vesicles also contributes to this process. Indeed, the size of the phagosome remains relatively constant, despite the continued fusion with endo\lysosomal organelles. Moreover, there is a progressive elimination of several transmembrane proteins from the phagosome, including SNAREs, TfRs and mannose receptors [26, 48, 73, 139] . In addition, phagosomal constituents eventually appear in endosomes and in the plasma membrane [49, 50, [139] [140] [141] .
Membrane traffic along the endocytic pathway relies on several membrane fission complexes, of which the best characterized are clathrin and COPI, which have been demonstrated to assemble on the cytosolic surface of endosomes and\or lysosomes and to induce the budding of vesicles therefrom [125, 142, 143] . COPI was originally discovered as a seven-subunit complex that mediates traffic between the endoplasmic reticulum and the Golgi complex [144, 145] . Subsequently, COPI was also shown to be required for the maintenance of endosome structure and function [146] [147] [148] . This was demonstrated using brefeldin A, which prevents the activation of some members of the ADPribosylation factor (ARF) family of small GTPases that regulate the assembly of COPI complexes on membranes [149] [150] [151] . Confirmation of this finding was obtained using ldlF cells, a variant of the CHO line containing a temperature-sensitive mutation in the ε-COP subunit of COPI [152, 153] . In brefeldin A-treated cells or in ε-COP-deficient ldlF cells, transferrin recycling is significantly retarded and early-to-late endosome traffic is disrupted [147, 148] .
COPI also plays a role in phagosome maturation. When COPI function was abrogated in RAW234.7 macrophages or in ldlF cells engineered to become phagocytic by transfection of FcγRs, the removal of TfRs from the phagosomal membrane was retarded, although not eliminated [48] . Similarly, protein recycling from phagosomes was also impeded in J774-E macrophages treated with brefeldin A [154] . Despite the observed defects in early phagosome processing, inactivation of COPI failed to block phagolysosome formation and acidification [48] . These findings suggest that redundant fission mechanisms may exist. Accordingly, even though phagosomal removal of TfRs is slowed by abrogation of COPI activity, the process is eventually completed [48] .
Clathrin-dependent vesiculation may be one such redundant mechanism. Clathrin mediates receptor-induced endocytosis at the plasma membrane, and also the fission of vesicles from the trans-Golgi network. It is also known that clathrin-coated structures form on endosomes, although these are morphologically distinct from those on other organelles [125, 142, 155] . Clathrin assembly on to membranes requires the intermediacy of adaptor complexes such as AP-1 and AP-2, which function in the trans-Golgi network and plasmalemma respectively. There is currently no evidence for a role for these adaptors in phagosome maturation. Moreover, a potential function can also be contemplated for the related, but less well characterized, AP-3 and AP-4 adaptor complexes.
Scission of the budding clathrin-containing vesicles depends on dynamin, a GTPase thought to exert a ' pinching ' force. Impairment of vesicle detachment using dominant-negative mutants of dynamin or of other constituents of the clathrin complex obstructs membrane traffic at multiple steps of the endocytic pathway [156, 157] . Remarkably, phagolysosome biogenesis is unimpaired in cells expressing dominant-negative mutants of dynamin-1, whether in the presence or the absence of brefeldin A (S. Tse and S. Grinstein, unpublished work). However, these data do not rule out the involvement of clathrin in phagosomal maturation, since another isoform of dynamin or a dynamin-like protein may function to sever clathrin vesicles from phagosomes.
Completely unexplored is the possible function of caveolae in the fission of membranes from phagosomes. To our knowledge, the presence of caveolae or of lipid rafts, which are often associated with caveolae, has not been documented in phagosomes. However, proteins that prefer to reside within lipid rafts have been found in phagosomes [74] , so that rafts and caveolae may very well exist and contribute to maturation.
A DYNAMIC ROLE FOR THE CYTOSKELETON IN PHAGOSOME MATURATION Microtubules
The intracellular localization of many organelles is strongly linked to microtubules. Key to this function is the polarity and orientation of the tubules. Microtubules provide polarized tracks (their minus and plus ends are oriented towards the centre and periphery of the cell respectively) that guide organellar dynamics, driven by a variety of molecular motors. Most notable among these motors are members of the dynein and kinesin families, which propel organelles in a centripetal or centrifugal direction respectively. Microtubule-associated proteins serve as adaptors between microtubules, the motor proteins and their cargo [158] [159] [160] [161] [162] .
The various components of the endocytic pathway are positioned in defined domains of the cell in a microtubule-dependent fashion, and their location influences the efficiency of endosomal progression (Figure 1 ). Not surprisingly, traffic between endosomes and lysosomes is severely affected when microtubules are disrupted [163, 164] . Similarly, interfering with the proper function of kinesin or dynein impairs fusion between MVBs and late endosomes [165, 166] .
In a similar manner, phagosomal maturation is linked to microtubules (Figure 1 ). Newly formed phagosomes, which are by nature generated at the cell periphery, rapidly engage in centripetal motion that is arrested by microtubule disruption [167] [168] [169] . Interestingly, phagosomes were shown to possess bidirectional motility along microtubules both in itro and in i o, although displacement towards the minus ends predominated, as expected from the net centripetal translocation noted in cells [168] . Reconstitution assays using cell-free systems identified kinesin as the motor that powers the plus-end-directed movement of phagosomes, and kinectin, a transmembrane receptor for kinesins, as the intervening adaptor. In contrast, minus-endoriented motility was enacted by dyneins, coupled through the dynactin complex and an uncharacterized activator X [168] .
Although an early study suggested otherwise [170] , it is becoming widely accepted that microtubule-based motility is essential for correct phagosomal maturation [41, 75, 171] . This view is supported by the observations of Desjardins et al. [41] , who found that phagosomes acquired 5-fold less LAMP-2, a late-endosome\lysosome marker (Table 1) , when microtubules were disrupted by nocodazole. Microtubule disassembly was also found to ablate the delivery to phagosomes of fluid-phase markers trapped in late endosomes [171] , and depressed phagosomelysosome fusion in streptolysin O-permeabilized cells [75] .
How phagosomes become linked to microtubules remains undefined. Members of the Rab family could conceivably play a role in bridging to microtubules. Thus Rab4a was shown to bind to a cytoplasmic dynein chain [172] . Moreover, Rabphilin11, an effector of Rab11, was shown to align along peripheral microtubules, and Rab5 was demonstrated to regulate endosome motility on microtubules [82, 172, 173] . These Rabs are known to associate with early phagosomes and could fulfil a role in microtubule-dependent centripetal motion.
Microfilaments
Recent work suggests that organelle motility and distribution not only depend on microtubules, but also involve the actin cytoskeleton [174] [175] [176] , a concept that may apply to phagosome maturation as well (Figure 1 ). Like microtubules, F-actin filaments are highly dynamic and polarized. F-actin is best known for its role in patterning the plasma membrane during processes such as ruffling, chemotaxis and phagocytosis. However, recent evidence suggests that F-actin can also associate with endosomes and lysosomes [177, 178] . Taunton et al. [177] demonstrated that endosomes and lysosomes are propelled by the formation of actin comet tails in a manner dependent on N-WASP, Cdc42 and protein kinase C. Actin-dependent motility of endosomes and\or lysosomes may also depend on myosins, which are actinassociated motor proteins [179] . This is suggested by the attenuation of endocytic traffic induced by myosin inhibitors [176, 180] .
A role for actin in phagosome maturation appears to contravene the accepted notion that, once severed from the plasma membrane, phagosomes are devoid of actin. This simplistic, perhaps dogmatic, view has recently been challenged by several observations. First, mature phagosomes were reported to be often surrounded by an ' actin-rich ' cytoplasm [167] . Secondly, actin was detectable as a component of fully formed phagosomes [41, 74, 181] . Lastly, as discussed below, in cell-free preparations actin can assemble on the surface of phagosomes [182] . Perhaps these observations explain why numerous actin-binding proteins, including annexins, α-actinin and coronin (also called TACO), are also found to associate with phagosomes [183] .
What is the relationship between actin and the phagosome after its detachment from the surface membrane? There are at least two reports that attribute to actin a role in phagosome motility [167, 184] . Toyohara and Inaba [167] proposed that the size of the phagosome dictates the type of motor system utilized. In their view, small ( 1 µm) phagosomes travel along microtubules, while larger ones are propelled by the actin cytoskeleton. Moller and colleagues [184] similarly established actin as a contributor to phagosome motility, although they also acknowledged a role for microtubules in the process. The exact molecular mechanism(s) underlying the actin-based motility of phagosomes remain obscure. The displacement force is likely to be furnished by myosins. The reported inhibition of phagosome motility by the myosin inhibitor 2,3-butanedione-2-monoxime [185] favours this view. Alternatively, de no o actin assembly on the phagosome surface could propel phagosomes (Figure 1) , as has been suggested for endosomes, lysosomes and Listeria [177, 178, 186] . Such a mechanism is supported by the demonstration of actin assembly on the surface of phagosomes in itro [182, 185, 187] . In these experiments, ezrin and moesin, members of the ERM family of skeletal proteins, were required for actin nucleation [182] . ERM proteins are known to act as molecular linkers between F-actin and transmembrane proteins [188] . Hence it will be important to investigate whether ERM proteins participate in phagosome maturation in situ.
There is now compelling evidence that actin is implicated in phagolysosome biogenesis [74, 167, 181, 185] . Jahraus et al. [185] demonstrated that disruption of F-actin attenuated the transfer of the contents of labelled endosomes to phagosomes in i o. Actin filaments formed de no o were proposed to extend from phagosomes and act as ' tentacles ' that facilitate the capture of endosomes. Collision between the tethered organelles may then be facilitated by myosins. Indeed, actomyosin filaments extending from phagosomes have been visualized by electron microscopy. In addition, myosin inhibitors suppress phagosome-endosome fusion [185] . Paradoxically, stabilization of actin with phalloidin also abrogated phagosome-endosome fusion. In an attempt to reconcile these observations, it was suggested that overstabilization of F-actin forms a physical barrier around organelles that prevents membrane fusion, a notion supported by the inability of Leishmania-containing phagosomes to mature while possessing a strong periphagosomal actin ring [189] .
pH AS A REGULATOR OF PHAGOSOME MATURATION
A key event in the maturation of phagosomes is the progressive acidification of their lumen, from near-neutral to pH 5 [190] . The acidic pH directly affects the growth of pathogens, favours the dismutation of superoxide and is optimal for hydrolytic enzyme activity. Phagosomal acidification, like that of endosomes and lysosomes, is regulated by the vacuolar (V-type) ATPase complex [191, 192] .
However, creating an inhospitable milieu for pathogens may not be the only role of phagosomal acidification. There is ample evidence that the luminal pH of organelles has an important role in membrane traffic. Thus dissipation of the pH gradient across endomembranes by addition of V-ATPase antagonists hinders the transfer of material from early endosomes to late endosomes\ lysosomes and causes endosome tubulation [193] [194] [195] [196] . The underlying mechanism is poorly understood. Dissipation of endosomal pH is known to preclude the association of ARNO, an ARF exchange factor, with endosomes [197] . Similarly, COPI assembly on endosomes is also dependent on endosomal pH, although this may be secondary to ARF1 inhibition [143, 197, 198] . These observations imply that endosomes and\or lysosomes possess luminal pH sensors that convey information across the membrane. The identity of these putative sensors remains mysterious.
The above arguments suggest that phagosomal acidification may not be simply a passive event that aids in the destruction of pathogens, but also a dynamic contributor to phagosome maturation [199] . The temporal sequence of events supports this view : acidification to pH $ 5 precedes fusion of phagosomes with late endosomes\lysosomes [200] . More importantly, treatment of macrophages with NH % Cl or polyanionic compounds, which alkalinize the lumen of organelles, interferes with phagosomelysosome fusion [201] [202] [203] . Whether ARF or COPI are responsible for these effects has not yet been verified.
CALCIUM AS A REGULATOR OF PHAGOSOME MATURATION
Calcium is a key second messenger in leucocyte activation. It mediates, at least in part, activation of the respiratory burst and secretion of microbicidal granule constituents [28, [204] [205] [206] . As in other systems, the resting cytosolic free calcium concentration ([Ca# + ] i ) hovers in the 100 nM range, but is acutely elevated upon the engagement of phagocytic receptors [207, 208] . Release of calcium stored in the endoplasmic reticulum and opening of plasmalemmal store-operated channels are largely responsible for this elevation.
In other systems, it has been realized recently that organelles other than the endoplasmic reticulum can contribute to the elevation of [Ca# + ] i . Calcium is now thought to be released also by early and late endosomes, lysosomes and the yeast vacuole [66, [209] [210] [211] . Along the same lines, it is entirely conceivable that calcium trapped in the lumen of forming phagosomes, or accumulated afterwards by plasmalemmal calcium pumps, may be released at critical stages of the maturation sequence. Indeed, preliminary evidence to this effect has been presented [212] . Consistent with this model, a localized periphagosomal increase in [Ca# + ] i has been recorded [207] , although this was attributed to the preferential distribution of endoplasmic reticulum in the immediate vicinity of phagosomes.
Release of intraorganellar calcium could have significant implications for membrane fusion, in that a restricted ' cloud ' of high [Ca# + ] i may form in the immediate vicinity of the organelle, promoting and targeting fusion with cognate vesicles. In fact, a wealth of studies implicate intraorganellar Ca# + in the homotypic fusion of early endosomes and yeast vacuoles, and in lateendosome-lysosome heterotypic fusion [66, [209] [210] [211] 213] . In the endocytic pathway, the effects of the calcium released locally are thought to be mediated by calmodulin [209, 211, 213] , which is proposed to act downstream of the Rab GTPases and SNARE complex by promoting bilayer coalescence [66, 211, 214] .
While the evidence implicating calcium in the endocytic pathway is tantalizing, the role of this bivalent cation in phagosome maturation is far from clear. There is at least one convincing report that discounts a role for Ca# + in phagolysosome biogenesis in macrophages [215] . By contrast, preventing changes in [Ca# + ] i was shown to impair phagosome-lysosome fusion in neutrophils and macrophages [208, 216] . Similar observations were also obtained with engineered phagocytes expressing FcγRIIA [217] . Moreover, clamping [Ca# + ] i prevented efficient killing of Staphylococcus by neutrophils, suggesting that phagosome maturation was defective [218] .
Exactly how [Ca# + ] i may regulate phagosome maturation is not understood. One possibility is that Ca# + induces disassembly of actin coating the surface of the phagosome, permitting access to incoming vesicles [219] . As discussed above, phagosomeendosome fusion is impaired when periphagosomal actin is stabilized [185] . Interestingly, retention of an actin coat around Mycobacterium-containing phagosomes by inhibition of Ca# + is consistent with the presence of coronin, an actin-binding protein, in Mycobacterium-containing phagosomes [220] . Nonetheless, exceptions have been reported : in macrophages, actin assembly and disassembly appeared to be normal when Ca# + was clamped at a very low concentration [221] . Alternatively, calcium may regulate fusion by a more direct approach, through annexins, calmodulin and\or calcium\calmodulin-dependent protein kinase II [211, 213, [222] [223] [224] . Calmodulin and this kinase may in turn regulate tethering or docking factors such as EEA1 and syntaxin 13, and\or regulate bilayer fusion between phagosomes and endo\lysosomes [66, 211, 214] .
THE PROTEOME OF THE PHAGOSOME : NEW INSIGHTS
The recent publication by Desjardins and colleagues [74] describing the proteome of maturing phagosomes represents a remarkable tour de force and constitutes a major advance in our understanding of phagosome maturation. The protein composition of 2 h-old phagosomes containing ' naked ' (unopsonized) latex beads was analysed by high-resolution two-dimensional SDS\PAGE and MS, resulting in the identification of 140 proteins. Many proteins known previously to be involved in phagosome maturation were detected, providing confirmation of the validity of the proteomic approach. These included proteins of the endosomal system such as LAMP and V-ATPase subunits, membrane fusion promoters such as EEA1 and Rab5, and cytoskeletal proteins such as coronin and actin-related protein-3. But the true impact of the proteomic project was in the identification of proteins not previously associated with the phagocytosis sequence. These included several Rab GTPases, namely Rab3, Rab10 and Rab14, and an ARF6-like GTPase. The identification of lipid-raft protein constituents, namely flotillin-1, prohibitin and stomatin, on phagosomes suggests that these specialized membrane domains may have a role in phagosome maturation [74] .
Unexpectedly, numerous endoplasmic reticulum components, such as calnexin and calreticulin, were detected in the phagosome proteome, perhaps suggesting that phagosomes fuse with the reticulum. Of note, the endoplasmic reticulum is the major source of membranes for autophagosome formation and maturation, raising the prospect that phagosome formation\ maturation and autophagy may be related [225] [226] [227] [228] . This fascinating notion is supported by the detection of a ubiquitinlike protein, Ti225 or ubiquitin C, on phagosomes [74, 229] . Ubiquitin is involved in the regulation of catabolic processes, particularly protein degradation, and ubiquitin-like systems are now associated with autophagy [230] [231] [232] . This raises the possibility that a ubiquitin-like system may also regulate phagosome maturation.
This proteomic technology will prove useful in the near future for comparing phagosome composition during various stages of maturation, and could also be extended to the investigation of micro-organism-containing phagosomes, in the hunt for pathogen factors that alter maturation.
CONCLUDING REMARKS
Phagosome formation and maturation encapsulate much of cellular biology in a neat, ordered sequence of events. Receptor biology, signal transduction, cytoskeletal restructuring, membrane traffic and ion transport are all merged into a purposeful matrix of reactions with a defined end goal : the elimination of foreign organisms or apoptotic bodies. As such, phagocytosis provides an unparalleled paradigm for the study of cellular biology.
Despite much knowledge acquired since Metchnikoff 's initial description of the phagocytic process, enormous gaps in our understanding remain and need to be addressed. Notable among these are the determinants of selectivity that dictate the progressive fusion with elements of the endocytic pathway, the possible involvement of the endoplasmic reticulum, the fission processes that remove unwanted material from the phagosomes, and the role of ions and cytoskeletal elements in the later stages of the maturation sequence. The advent of new chemical and biophysical methods will accelerate the solution to these puzzles. We anticipate that improved proteomics techniques will facilitate the characterization of the composition of phagosomes at various, well defined stages of maturation. Specific interactions between proteins will eventually be resolved by advanced spectroscopic methods, including fluorescence correlation spectroscopy, and by high-resolution cryoelectron microscopy. 
